Cell-free extracts from Pseudomonas fluorescens NCIMB 11 764 catalysed the degradation of cyanide into products that included CO, , formic acid, formamide and ammonia. Cyanide-degrading activity (CDA) was localized to cytosolic cell fractions and was observed a t substrate concentrations as high as 100 mM (2600 mg CN-I-'). A t least two different CDAs could be distinguished by: (i) the determination of reaction product stoichiometries, (ii) requirements for NADH and oxygen, and (iii) kinetic analysis. The first activity produced CO, and NH, as reaction products, was dependent on oxygen and NADH for activity, and displayed an apparent Km for cyanide of 1.2 mM. The second activity generated formic acid (and NH, ) plus formamide as reaction products, was oxygen independent, and had an apparent K,,, of 12 mM for cyanide. The first enzymic activity was identified as cyanide oxygenase as previously described [Harris, R. E. & Knowles, C. J. (1983) EMS Microbial Lett 20, 337-3411 whereas the second activity is believed to consist of two enzymes, a cyanide nitrilase (dihydratase) and hydratase (EC 4.2.1.66). In addition to these enzymes, cyanide-grown cells were also induced for formate dehydrogenase (EC 1.2.1.2) thereby providing a means of recycling NADH utilized by cyanide oxygenase. A mutant strain having lost the ability to grow on cyanide as a nitrogen source was isolated and shown to be defective in cyanide oxygenase, but not the cyanide nitrilase/hydratase enzymes. This finding together with results showing that the substrate affinity of cyanide oxygenase was tenfold greater than for the nitrilase/hydratase enzymes, indicates that it is this enzyme that is most important in cyanide assimilation. A cyanate-defective mutant was also isolated and shown to be unaffected in cyanide assimilation, indicating that the metabolism of these two compounds is physiologically distinct.
INTRODUCTION
Psetl~o111/onasptlorescens NCIMB 11764 is capable of growth on c!.anide (CN-/HCN) as the sole nitrogen source (Harris & Knowles, 1983a) . Growth requires that cyanide be enzymically converted to ammonia which, is then readil!~ assimilated into cellular nitrogen. Harris & Knowles (1 983b) first reported the conversion of cyanide into ammonia and CO, by cell-free extracts from this organism. These findings were confirmed in our labAbbreviations: CDA, cyanide-degrading activity; HSS, high-speed supernatant; Tcn, tetracyanonickelate (11).
oratory using intact cells, but formate and formamide were identified as additional reaction products (Iiunz e t a/., 1992). Furthermore, whereas formate and formamide accumulated under both aerobic and anaerobic conditions, CO, production was shown to be exclusively an oxygen-dependent process. The latter observation is consistent with earlier findings reported by Knowles and coworkers, who proposed that the enzyme responsible for cyanide oxidation in NCIMB 11764 was an oxygenase ( Fig. 1) (Harris & Knowles, 1983b; Knowles & Bunch, 1986 ; Knowles, 1988) . These investigators further proposed that cyanate was a metabolic intermediate, and subsequent studies showed that an enzyme resembling cyanase (EC 4.3.99 .1) could be detected in crude extracts of cyanate-grown NCIMB 11764 cells (Kunz & Nagappan, 1989 ). However, this enzyme was not present in cyanide-grown cells implying that cyanate and cyanase are not involved in cyanide assimilation (Dorr & Ihowles, 1989 ; Nagappan, 1992) . The identification of formate and formamide as additional reaction products suggested that in addition to a putative cyanide oxygenase, other enzymes capable of attacking cyanide were also elaborated by this organism. As illustrated in Fig. 1 , these included a cyanide nitrilase (dihydratase) responsible for formate and ammonia production, and a cyanide hydratase yielding formamide. Formamide was eliminated as a possible precursor of formate since its further degradation by either intact cells or cell extracts was not observed (Kunz e t a/., 1992) . In this paper we report the recovery of cyanide-degrading activities (CDAs) in cell-free extracts consistent with the existence of these enzymes in NCIMB 11764. That separate enzymic reactions are involved is indicated by results showing that both the products of conversion and kinetics varied with the reaction conditions. In addition to the description of two different CDAs, evidence for the induction of formate dehydrogenase is also reported. Finally, the isolation of mutants defective in cyanide and cyanate utilization is described. Their properties establish the physiological role of cyanide oxygenase in cyanide assimilation and further exclude a role for cyanate as a metabolic intermediate.
METHODS
Organisms and growth conditions. P.fEIAorescens NCIMB 11704 has been described in previous communications (Harris i3C Knowles, 1983a, b ; Iiunz et a/., 1992) . Cells were grown in a minimal salts medium using the fed-batch cultivation procedure described by Kunz et a/. (1992) . In this procedure glucose (20 mM) is supplied as the carbon source and KCN is added at sub-toxic levels (2 additions per day to give 0-125 mM each). Cells were harvested by centrifugation after 3 d incubation and washed twice in 50 mM Na,HPO,/KH,PO, (Na-K) buffer, pH 7.0. Cells induced for CDA were obtained by collecting cells 3 -5 h after the addition of IiCN (0.1 mM) to a 24-h-old batch culture that had been grown on NH,C1 (1 mM). Washed cell pellets were stored at -70 "C until use. Mutant strains of NCIMB 11764 that had lost the ability to grow on cyanide (51,102) or cyanate (ONlO1) as the sole nitrogen source were obtained by nitrosoguanidine mutagenesis and penicillin enrichment. The two mutants were obtained from separate mutagenesis performed as follows. A 50 ml overnight culture grown in minimal medium containing glucose (20 mM) as the carbon source and NH,C1(1 mM) as the nitrogen source (minimal glucose-ammonia) was harvested and washed twice with Na-I\: phosphate buffer, pH 7.0. These cells were then resuspended in 50 ml 0.1 M sodium citrate buffer, pH 5-5, containing 100 pg N-methyl-h"-nitro-lCr-nitrosoguanidine ml-' and incubated for 30 min at 30 "C on a rotary shaker. Cells were removed by centrifugation and washed twice in the same buffer before being resuspended in 50 ml minimal glucoseammonia medium and grown overnight. Determination of cyanide reaction products and stoichiometries. The products of cyanide metabolism were quantified in reaction mixtures containing either 2 or 25 mM IiCN supplied as the ',C-, 13C-or 14C-isotopic species. Reactions were carried out in sealed vials as described above, or in serum-stoppered flasks when radioactive 14C0, production from cyanide was determined. In the latter case, the main compartment of a 25 ml serum-stoppered flask fitted with a centre well contained 0.4 ml cell extract (9 10 mg protein ml-'; HSS), NADH (where indicated) and 50 mhl Na-I< phosphate buffer, pH 7.0, in a total volume o f 0.5 ml. added to 100 pl sample and protein removed by centrifugation in a microcentrifuge. Formic acid in the supernatant was then determined enz y m i call y using co m me r ci a 1 fo rma t e de h y d r 0-genase as described previously (Kunz et al., 1992) . The identity of formic acid was further confirmed by GCMS. This was accomplished by injecting 10 pl of the reaction mixture onto an Alltech .-\ssociates AT1000 10 m megabore column (injector 110 O C , flow 6.5 ml min-' He, oven programmed at 40 "C, for 2 min, then ramped to 110 "C at 10 OC min-') fitted to a mass spectrometer. The retention time was 9 min and masses of 46 (H"CO0kI) and 47 m/e (H13COOH) were detected, respectively, in incubations conducted with I\;',CN and I<"CN. The presence oiformamide in deproteinized samples was determined colorimetrically (Fry & Millar, 1972; Kunz ef al., 1992) and by chemical hydrolysis to formic acid, which was then determined enzymically. The latter procedure was used when the concentration of formamide was below that which could be detected colorimetrically (< 0.2 mM). Formamide hydrolysis was achieved by adding 10 $ 3 M H,SO, to 90-100 pl deproteinized sample in a microcentrifuge tube and allowing the mixture to incubate a t 95 OC for 2 h, after which the sample was neutralized with 5 hl NaOH and assayed enzymically for formate. Ammonia was determined colorimetrically using the indophenol method of Fawcett & Scott (1960) . All spectrophotometric analyses were carried out on a Perkin-Elmer Lambda 6 spectrophotometer.
Oxidation of formic acid. The oxidation of formic acid to CO, was determined radioisotopically by fractionation of reaction mixtures with BaC1, as described earlier for "CO, quantification from cyanide. Reactions were initiated by the injection of 1-2.5 pCi (37-92.5 kBq) sodium ["C]formate (0.5 mM), and NAD', where supplied, was provided at 1 mhl. Formate tlehydrogenase activity in cell extracts was measured spectrophotometrically as described by 
RESULTS

Recovery of CDA in cell-free extracts
As a first step in identifying the enzymes responsible for cyanide degradation in NCIMB 11 764 efforts were made to recover CDA in cell-free extracts. As previously reported for intact cells (Kunz e t al., 1992) , cell extracts catalysed the time-dependent disappearance of cyanide at concentrations as high as 100 mM (2600 mg CN-1-' ).
Fractionation of crude extracts into cytosolic (1 50000 g; HSSs) and membrane (pellet) fractions revealed that the bulk (90 "0) of CDA was located in the cytosolic fraction. Fig. 2 shows the rate at which cyanide was consumed when supplied at low concentration (2 mM) under various reaction conditions. The fastest rate of cyanide consumption was observed when both oxygen and N A D H were supplied, but activity in the absence of N A D H or in reactions conducted anaerobically could still be detected. Fig. 3 shows the effect of protein concentration on CDA measured at a starting concentration of 10 mM KCN. Under both aerobic (in the presence of NADH) and anaerobic (in the absence of NADH) conditions activity was protein-concentration dependent. Non-enzyme controls indicated that < 1 % of cyanide disappeared due to loss of volatile HCN during incubation. Approximately 50% of the initial activity measured at 2 mM cyanide (cyanide oxygenase) was lost after 3-4 d storage at 4 OC, but when extracts were stored at -20 "C greater than 90 O/O of the initial activity was retained after 1-2 months.
Kinetics of cyan ide conversion
The kinetics of cyanide degradation were investigated under various reaction conditions including : aerobically with NADH present, aerobically with NADH absent, and under anaerobic conditions (without NADH). Fig. 4 shows that the initial rate of cyanide consumption increased as a function of substrate concentration under all three reaction conditions. The highest rate of substrate consumption was again observed when both oxygen and N ADH were supplied, with maximal activity recorded at 20 mM cyanide; above this the activity declined probably due to enzyme inhibition. A second activity functioning in the absence of oxygen (and NADH) was also apparent at cyanide concentrations as high as 100 mM. Rates of substrate consumption measured aerobically in the absence of N A D H fell between those recorded under aerobic and anaerobic conditions, suggesting that this activity represented the contribution of at least two enzymes. Noteworthily, rates of substrate consumption under all three reaction conditions appeared to follow MichaelisMenten kinetics; this despite the fact that more than a single activity appeared to be present in HSSs. In order to further differentiate between the various activities, rates of substrate consumption were further compared after initial rates recorded under anaerobic conditions (without NADH) were subtracted from those obtained under aerobic conditions (with N A D H present). In this wav enzymes contributing to the total CDA in HSSs could be distinguished on the basis of favoured reaction conditions. This allowed the apparent kinetic constants (denoting the use of non-purified enzyme preparations) for the different enzymes to be estimated without each enzyme having to be individually purified. The insert to Fig. 4 shows the results obtained when the corrected data were replotted in the Lineweaver-Burk form. Dramatically different K,, values for cyanide were observed. Under aerobic conditions the apparent K , was estimated at 1.2 mM compared with 12 mM under anaerobic conditions. We concluded from these observations that one enzyme in HSSs had a low apparent K , and was both oxygen-and NADH-dependent, and a second enzyme had a high apparent K , and required neither oxygen or NADH. In contrast to the differences observed in apparent K,, the apparent VmaX values for the two were found to be essentially identical (125 pM min-l; Fig. 4 insert) .
Reaction products and stoichiometries
In order to identify the enzymes showing different cyanide-degrading kinetics the reaction products formed after incubating HSSs with cyanide at concentrations favouring one or the other activity were determined. Accordingly incubations were conducted at 2 and 25 mM KCN, which were considered optimal, respectively, for the apparent low and high K , activities. Table   1 shows that greater than 90 of the cyanide carbon was recovered as CO,, formic acid and formamide under all reaction conditions. In contrast, the accumulation of cyanide-nitrogen equivalents as formamide plus ammonia varied substantially (39-93 molar "0). This is because ammonia was apparently further metabolized, particularly under prolonged incubation periods when cyanide was supplied at low concentration (2 mM). Therefore, the molar ratios of formamide : ammonia accumulated at 2 mM KCN under aerobic (with N A D H present) and anaerobic (without NADH) conditions were only 10: 31 and 32 : 7 (41 and 39 % molar recovery), respectively. This compares with values of 56: 37 and 53 : 40, respectively, for corresponding reactions conducted at 25 mM.
As previously also reported using intact cells (Kunz e t a was further concluded that it was this enzyme that displa\Ted the lower apparent K , for cyanide as indicated from kinetic studies. By comparison, the molar ratios of products formed at 2 and 25 mM IiCN under anaerobic conditions were 9 : 69 : 32 and 23 : 42 : 40, respectively, indicating that while CO, was still made (for reasons discussed below), the major reaction products were formic acid ;ind formamide. Detection of the latter chemical species is consistent with the reaction products expected for c\ mide nitrilase and hydratase enzymes as earlier proposed (Iiunz eta/., 1992) . The detection of CO, under anaerobic conditions was a surprise until it was discovered that formate was subject to further oxidation as outlined belou .
Oxidation of formic acid by inducible formate dehydrogenase
The detection of CO, under various reaction conditions (Table 1 ) raised the possibility that in addition to its direct formation from cyanide, it could also arise from the oxidation of formate. To test this possibility, HSSs were incubated with ["C]formate and the production of "CO, (and H14COi) was determined as described in Methods. (mg protein)-' for cells grown on ammonia. The conversion of formate to CO, in 2 5 % molar yield in incubations from which NAD' was omitted was somewhat of a surprise. We hypothesized that this might be due to the presence of endogenous NAD' in HSSs available for formate dehydrogenase activity. The removal of NAD', therefore, should result in a decrease in the yield of CO,, and in fact this was observed when HSSs were pretreated with N ADase prior to incubation with [14C]formate. In this case the recovery of CO, from formate decreased to 4.8 & 1.7 %.
Effect of formate and NAD' on cyanide oxygenase activity
The discovery of formate dehydrogenase in P. flziorescens NCIMB 11 764 suggested that the NAD+-driven oxidation of formate might provide a means of generating the N A D H utilized by cyanide oxygenase. To explore this possibility, the effect of NAD+ and formate on both cyanide oxygenase activity and the corresponding molar conversion yield of cyanide into CO, were tested, the rationale being that if these compounds were involved in N A D H recycling an effect on both enzymic activity and production of CO, might be observed. Table 2 shows that when reactions were conducted with extracts that were pretreated with NADase, both cyanide oxygenase activity and the corresponding CO, yield were substantially lower than in comparable reactions in which untreated HSSs were employed. However, when reactions were supplemented with NAD', both the CDA and CO, yield increased to 67 and 4 6 % of maximal, and when both NAD' and formate were supplied, these increased to 98 and l O O % , respectively. In contrast, the addition of formate alone had no significant effect on either enzymic activity or CO, production. A role for both formate and NAD' in the recycling of NADH was thus inferred.
Reaction conditions
NADH
Isolation and characterization of cyanide metabolic mutants
Experiments were performed to determine whether one of the CDAs was more important physiologically for cyanide utilization. T o accomplish this, a mutant strain (JLlO2) that was no longer able to grow on cyanide was isolated and the effect on expression of cyanide oxygenase and cyanide nitrilase/hydratase activities was determined. Since the mutant was unable to grow, this necessitated testing for the induction of enzymic activity under nongrowth conditions. For this purpose, cells were grown to stationary phase in a nitrogen-limiting medium and induced with cyanide as described in Methods. Under these conditions cyanide oxygenase could be detected in induced wild-type cells and, as shown in Table 3 , the level of activity was actually higher than that detected in wildtype cells grown on cyanide. In contrast, the level of cyanide nitrilase/hydratase activities in induced cells of the wild-type was lower than in cultivated cells, suggesting that the regulation of synthesis of cyanidedegrading enzymes in NCIMB 11764 may be different. When HSSs from induced cells of the mutant strain JLl02 were tested for cyanide oxygenase no activity was detected, but the level of cyanide nitrilase/hydratase enzymes was similar to that present in the wild-type. YVe concluded from these results that the inability of JL102 to grow on cyanide was related to its inability to produce cyanide oxygenase. In order to determine the involvement of cyanate as a possible intermediate in cyanide metabolism as earlier proposed (Harris & Knowles, 1983b ) a mutant strain (ON101) unable to grow on cyanate was isolated (Nagappan, 1992 ) and the effect on cyanide utilization determined. This mutant, while unable to grow on cyanate (phenotype designation Cnt-), could still utilize cyanide (Tcn or KCN, phenotype designation Cn') as a nitrogen source. By comparison, strain JL102 having lost the ability to grow on cyanide (Cn-) was unaffected in cyanate utilization (Cnt+).
DISCUSSION
The recovery of putative cyanide oxygenase and cyanide nitrilase/hpdratase enzymes in HSSs is consistent with an earlier report from this laboratory indicating that cyanide is metabolized by more than a single mechanism in P. flztorescens NCIMB 11764 (Iiunz et a/., 1992) . Results showing that one of these, cyanide oxygenase, generated CO, (and NH,) as reaction products (Table l) , and that activity was dependent both on oxygen and NADH, find analogy with previous reports in which initial cyanide degradation was proposed to be oxygenase-mediated (Harris & Iqnowles, 1983b (Pocker & Bjorkquist, 1977; Knowles, 1988) . O n the other hand, results showing that formate oxidation could be coupled to putative cyanide oxygenase activity (Table 2 ), apparently by recycling N A D H (Fig. 5) , further imply the in\ olvement of an oxygenase-type mechanism.
The description of a combined activity containing both cyanide nitrilase/hydratase enzymes in cell-free extracts is consistent with previous work in which formic acid (and NH,) and formamide were identified as additional cyanide conversion products (Iiunz et a/., 1992). The increased production of these compounds relative to CO, (and NH,) at higher substrate concentrations ( 3 10 mM) (Table 1) can now be better explained on the basis of differences in substrate affinity between cyanide oxygenase and the nitrilaselhydratase enzymes. Thus, cyanide ox!'-genase, with an estimated K , of 1.2 mM, attacks cyanide more effectively at lower substrate concentration than does the combined activity of nitrilase/hydratase enzymes for which a combined apparent K , of 12 mM was estimated (Fig. 4) Fig. 5 , the production of CO, can now be visualized as arising by two separate routes; one from the oxidation of cyanide by cyanide oxygenase and the other from the oxidation of formic acid, the latter arising via cyanide nitrilase activity. Data showing that both formate and NAD' enhanced cyanide oxygenase activity (Table 2) suggest that formate dehydrogenase could be involved in the recycling of N A D H as further depicted in Fig. 5 . It appears this enzyme is similar to other NAD+-linked formate dehydrogenases described in bacteria (Quayle, 1966 ; Ferry, 1990) , but the first of its kind reported to be induced by cyanide. We hypothesize that this enzyme may be important in preserving N ADH under conditions of cyanide poisoning. For example, in the presence of cyanide (serving as a nitrogen source) the extent of N A D H utilization generated from glucose (serving as a carbon and energy source) via respiratory chain enzymes would be expected to be inhibited by cyanide (Solomonson, 1981) . Therefore, the consumption of N A D H by a non-energy yielding reaction such as that catalysed by cyanide oxygenase would be expected to compromise energy yields and thus cell growth, but this may be overcome if the N A D H recycling mechanism proposed for formate dehydrogenase operates. The inhibitory effect of cyanide on respiration is further thought to explain why growth of NCIMB 11764 at concentrations exceeding 0-25 mM is not observed (Silva-Avalos e t a/., 1990).
In summary, growth of 23. flztorescens NCIMB 11764 on cyanide leads to the elaboration of several CDAs. Of these, cyanide oxygenase appears most important in initiating substrate attack at concentrations favourable for growth ( < 0.25 mM). As a result cyanide is detoxified and ammonia is made available for assimilation by what are presumed to be established biochemical mechanisms (Tyler, 1978 ; Neidhardt e t a/., 1990). The fundamental importance of cyanide oxygenase in cyanide utilization is further illustrated by results showing that this enzyme is not produced in a mutant strain no longer able to grow on cyanide (Table 3) . While it could be argued that cyanide nitrilase on its own should be sufficient to support growth because it too generates ammonia, we hypothesize that its low substrate affinity precludes it from functioning exclusively for this purpose. Thus, in contrast to cyanide oxygenase the roles of cyanide nitrilase and cyanide hydratase in NCIMB 11764 remain to be further elucidated. In addition, the observation that a mutant defective in cyanate utilization can still grow on cyanide (phenotype Cn'Cnt-) finds analogy with earlier reported enzymeinduction studies (Dorr & Knowles, 1989 ; Nagappan, 1992) indicating that the enzymes involved in cyanide and cyanate metabolism are physiologically different.
